Conventional industrial robots with the rigid actuation technology have made great progress for humans in the fields of automation assembly and manufacturing. With an increasing number of robots needing to interact with humans and unstructured environments, there is a need for soft robots capable of sustaining large deformation while inducing little pressure or damage when maneuvering through confined spaces. The emergence of soft robotics offers the prospect of applying soft actuators as artificial muscles in robots, replacing traditional rigid actuators. Dielectric elastomer actuators (DEAs) are recognized as one of the most promising soft actuation technologies due to the facts that: i) dielectric elastomers are kind of soft, motion-generating materials that resemble natural muscle of humans in terms of force, strain (displacement per unit length or area) and actuation pressure/ density; ii) dielectric elastomers can produce large voltage-induced deformation. In this survey, we first introduce the so-called DEAs emphasizing the key points of working principle, key components and electromechanical modeling approaches. Then, different DEA-driven soft robots, including wearable/humanoid robots, walking/serpentine robots, flying robots and swimming robots, are reviewed. Lastly, we summarize the challenges and opportunities for the further studies in terms of mechanism design, dynamics modeling and autonomous control.
Introduction
Since the development of the Unimate robot in 1959 by G Devol and J Engelberger, industrial robots have taken on a variety of automatic assembling and manufacturing tasks that are generally difficult, dangerous, or impractical for humans [1] [2] [3] . The industrial robots are generally made of metal and plastic materials that are inherently 'rigid'. It is such 'rigid' feature that makes the robots perfect for repetitive works with fine accuracies in well-defined environments. However, when there are unknown external constrains or obstacles, this kind of robots is generally difficult to change their shapes to adapt to the unstructured environment. In the field of conventional industrial robots, motion planner and compliant control [4] [5] [6] [7] have been investigated to realize the compliance of the robots. Nevertheless, the natural world is different. If we look at humans and other animals, their 'bodies' are usually built from the soft materials, such as the muscles, skins and fiber-like tissues, which are safe and compatible to interact with humans or negotiating confined environments.
With the field of robotics expanding beyond manufacturing automation into health care, field exploration, or human-robot cooperative manipulation, soft robots that are capable of large deformation and maneuvering through unstructured constrained spaces without inducing damaging internal pressures and stress concentrations, are emerging as a new frontier of multidisciplinary in terms of engineering, materials, mechanics, physics, chemistry, biology and robotics.
During the past decade, soft robotics becomes a growing new field and researchers have developed different kinds of soft robots with different actuation technologies and mechanisms [8] [9] [10] [11] [12] . The development of soft robots is generally bioinspired or biomimetic with the capabilities of large and continuum deformation with theoretically an infinite number of degree-of-freedoms. Considering the differences of actuation technologies, soft robots can be mainly divided into two categories.
The first category is based on the tendon-driven actuation, which is also termed as continuum robots in order to distinguish the discrete and serpentine robots with rigid links [13] . Depending on the selections of the tendon-driven mechanism with either intrinsic actuators, extrinsic actuators or intrinsicextrinsic hybrid actuators, the continuum robots can be designed to be elastic with infinite degrees of freedom (DOFs), which have been successfully used in medicine, search and rescue fields. However, such continuum robots usually utilize the traditional motors and transmission mechanism (such as gears and ball screws), leading to not real soft bodies. The reader may refer to [14, 15] for a recent review of this kind of robots.
The second category is based on the soft smart materials actuation. Different from the tendon-driven actuation with the traditional motors and transmission mechanism, the smart materials can directly convert physical stimuli, such as force, electrical, thermal, magnetic, light or chemical signal into a physical displacement. The commonly used soft smart materials for soft robots include the shape memory alloys (SMAs), shape memory polymers (SMPs), pneumatic fiber braids or elastomeric polymers, hydrogels [16] and electroactive polymers (EAPs).
SMAs and SMPs are a kind of materials capable of undergoing large strain when heated [17] [18] [19] . Laschiʼs group from Scuola Superiore SantAnna in Italy has made great efforts in developing soft octopus arms with SMAs [20, 21] . However, the temperaturedependent nature makes precisely control of SMAs difficult. Pneumatic fiber braids or elastomeric polymers for soft robots have been studied for decades [22] and have recently re-attracted significant attention due to the promising achievements of Whitesides' group from Harvard University in USA [23] [24] [25] . However, external air compressors are necessary and the response speed is usually limited by the capability to pump air into and out of the actuators. EAPs are a kind of soft materials capable of changing sizes and/or shapes in response to the electrical stimuli, and are an emerging type of soft actuation technology in the field of soft robotics due to their ability of mimicking the properties of natural muscle. The reader may refer to the books [26, 27] for the complete understanding of different EAP based transducers. Considering the differences of stimuli methods, soft EAPs are typically classified into two classes: ionic EAPs and electronic EAPs. It is worthy of mentioning that the ionic EAPs are usually limited due to their poor coupling efficiencies and relatively slow actuation speeds [28, 29] , which may hinder their applications in soft robots. On the other hand, dielectric elastomers, a kind of electronic EAPs, are more promising in the emerging scientific field of soft robotics due to the advantages of light weight, high deformation, high energy density, fast response and inherent soft nature [11, 29, 30] . It should be noted that semi-active actuation like magneto-or electro-rheological foam/elastomers and granular jamming technologies have been employed for developing soft robots as an alternative option, which are not classified in this paper, and may refer to [19] for an overview.
In this paper, we intend to survey and discuss the recent progresses on soft robots using dielectric elastomer actuators (DEAs). Our survey is motivated by several factors. First, several years have elapsed since the publishment of some important and most often-cited books on electroactive transducers, for instance, edited by Bar-Cohen [26] and Carpi et al [27] , during which many important advancements have been made. Second, few attentions are paid on dynamic modeling, control and the application of DEAs to soft robots in these two books [26, 27] . Third, the progress and achievement mainly focus on the issues of materials, mechanics and physics. With the rapid development of the soft robots, this topic may draw more attentions in the society of robotics and automation. In this sense, an overview and recent progress of the representative and featured works in the field of DEAs, emphasizing the key points of work principle, modeling, control and robotic applications, are presented. We also aim to highlight challenges and new opportunities for the further studies from our analysis and perspective in terms of mechanism design, dynamics modeling and autonomous control. The remainder of this survey is organized as follows: section 2 introduces the descriptions, working principle and key components of the dielectric elastomer actuators. In section 3, electromechanical modeling approaches for dielectric elastomer actuators are presented and section 4 reviews the soft robots using dielectric elastomer actuators. Finally, challenges and opportunities are summarized in section 5.
Dielectric elastomer actuators
DEAs are promising for applications in the field of soft robotics due to the unique combination of the advantages of large deformation (>100%), high energy density (>3.4 MJ m ), fast responses (on the order of millisecond), lightweight (close to water) and low cost (hundreds of commercial elastomer products). Specially, another key benefit is that dielectric elastomers are a kind of motion-generating materials that resemble natural muscle of humans in terms of force, strain (displacement per unit length or area) and actuation pressure/density compared to other competitors as illustrated in figure 1.
Working principle
Dielectric elastomers are a kind of soft electroactive materials, which means the external electrical stimulus causes the elastomers to deform in dimensions and/or shape, and such deformation leads to a mechanical function. As a result, dielectric elastomers can be applied to design actuators. On the other hand, when a deformation or mechanical loading is applied on a dielectric elastomer, a change in capacitance can be detected as well because of its capacitive nature. Thus, it is also possible to make the dielectric elastomer a sensor. In this survey, we mainly focus on the dielectric elastomers as actuators.
Electrical induced deformation of solid materials was originated in the late-18th century after the invention of Leyden jars by the Italian experimenter Felice Fontana [31, 32] . Intense investigations on such electrical deformation in the volume of the Leyden jar were then performed in the late 19th century. In 1880, Röntgen presented an experiment [32, 33] : a 16 cm wide and 100 cm long stripe of natural rubber was prestretched by a weight to twice its initial length; upon electrification with sprayed-on electric charges onto the rubber, length changes on the order of several centimeters were able to be observed in the experiment. This experiment is a simple but milestone to illustrate the electrical deformation of a natural rubber. After a long time until the early-21th century, the concept of electrically actuated large-deformation dielectric elastomers is again at the forefront of emerging soft robots with the development of technology.
Although dielectric elastomers allow for the operation of actuators without attached electrodes, where charges are directly sprayed on the elastomer surface as reported by Röntgen, voltage controlled DEAs are more promising and universal in applications so far. Without losing generality, the following descriptions on DEAs are based on the voltage controlled mode if there is no specific remark.
In general, DEAs consist of a thin membrane of dielectric elastomer, which is sandwiched between two compliant electrodes. Therefore, DEAs are essentially compliant variable capacitors. The compliant electrodes are made of even softer substance with the mechanical stiffness lower than that of the dielectric elastomers [34] . DEAs operate on the principle of the so-called electrostatic deformation. When an electric field is applied across the electrodes, the charges pass through an external conducting wire from one electrode to the other. The resulting electrostatic force between the opposite charges on the two electrodes compresses the membrane in thickness. Since the dielectric elastomers are essentially incompressible, such compression results in a concomitant stretch in the planar area of the membrane. Both shape changes convert electrical energy to mechanical energy and provide the actuation mechanism [35] . Figure 2 illustrates such working principle of actuation.
A landmark discovery was by Pelrine and colleagues [35, 36] reported 16 years ago that the applied voltage can cause the dielectric elastomers to achieve high-speed and giant strain over 100%. Due to the capability of large strain, DEAs are widely recognized as the most promising potential for creating artificial muscles. During the past decade, the study of DEAs is rapidly broadening to diverse applications [11, 15, 31, 37] with the urgent necessary of soft actuators. These applications have also introduced renewed interests in the design and theory of coupled large deformation and electric field considering both the static and dynamic behaviors. 
Dielectric elastomer materials
It can be seen from figure 2 that the most important component of DEAs is the thin membrane made of dielectric elastomers. In the dielectric elastomer research, materials are needed with a wide range of elastic moduli, combined with very low viscosity and electrical conductivity, high dielectric constant and breakdown strength [37] . During the last two decades, a large number of elastomeric materials have been tested. The commonly used elastomers can be roughly classified into three groups, i.e., polyurethanes (PUs), acrylics and silicones.
Due to the fact that PUs generally have larger force outputs and higher dielectric constant, DEAs made of PU films can be actuated at lower electric fields. However, this kind of DEAs has the limitation of small strain.
Since the report of Pelrine and colleagues [35, 36] , acrylics seem to be the most promising selection for the large-strain DEAs. One popular reason of acrylics also lies in the fact that there is low-cost commercially available 3M VHB acrylic elastomer (such as the most used VHB 4910 and VHB 4905). Recently, DEAs with the prestretched 3M VHB acrylic elastomer have been widely reported to achieve giant voltage-induced linear strains over 380% [38] , area strains more than 1000% [39, 40] . However, the acrylics exhibit strong viscoelastic nonlinearities [41, 42] , which usually influence the performance of DEAs if the viscoelasticity cannot be well accounted for.
DEAs with silicone elastomers show modest actuation strain, which is larger than DEAs with PUs, but smaller than DEAs with acrylics. However, silicone elastomers have the advantage of lower viscoelasticity than acrylics and are reported to be operated at higher frequencies with lower losses [29] . On the other hand, similar to acrylics, silicones have a relatively low dielectric constant as well, which, therefore, requires higher electric fields for large strains.
Compliant electrodes
As shown in figure 2 , another important component of DEAs is the compliant electrode. The term 'compliant' means the ability of a thin, conducting electrode to synchronously follow the large strains of the elastomer membrane, but without generating an opposing stress or losing conductivity [43] .
Therefore, the electrode generally has the following properties: conductive, highly compliant, thin in thickness compared to the elastomer membrane, good adhesion to the membrane, low resistance and high surface density even under large strain, easy to be painted with high resolution and durable, but do not significantly impacting the mechanics of the actuators. In the literature, the commonly used electrode materials include carbon grease, graphite and carbon powder, and metallic thin film [29, 30, [43] [44] [45] [46] .
In these solutions, carbon grease electrodes are the most popular selection since they are cheap and easy to apply on most dielectric elastomers with excellent adhesion capability. They were also reported to provide good conductivity even at very high strains without the migration. However, the main drawback of the grease electrodes is messy to handle in fabrication.
On the contrast, dry graphite and carbon powder are easy to handle, which are also cheap and easy to apply. They are more suitable for multilayered DEAs than carbon grease electrodes. However, the conducting performance becomes worse with higher strain due to the loss of electrical contact.
Metallic thin-film electrodes are considered for utilization due to the advantages of: (i) stable electrical resistance, (ii) being able to expand in the corrugated format. However, corrugated metal thin-film electrodes are generally stiffened in the transverse axial direction and are consequently almost inextensible in that direction. On the other hand, the metallic electrodes can only be used with relatively small strains.
The above compliant electrodes are electronic conductors and nontransparent. As an alternative, a new compliant electrode was recently invented by Keplinger and colleagues [47] using ionic conductors that are highly stretchable, fully transparent to light of all colors, and capable of operation at frequencies beyond 10 kHz and voltages above 10 kV. By placing two electrodes (electronic conductors), an electrolyte (ionic conductor), and a dielectric elastomer in series, a novel DEA was designed, which is demonstrated to generate large strains and a transparent loudspeaker that produces sound over the entire audible range.
Electromechanical modeling approaches
As addressed in the previous section, the actuation mechanism of DEAs is the produced electrostatic stress on the thin membrane between the two charged electrodes due to the applied voltage, which thus generates the mechanical response. In this section, the methods to predict this electromechanical response of DEAs are discussed and compared.
Early electromechanical modeling approach
The first physical model to describe the electromechanical behaviors of DEAs is developed by Pelrine and colleagues [35, 36] . When subjected to a voltage V across a prestreched DEA, the resulting electrostatic stress is described as a function of the total permittivity of the material and the square of the applied electric field E with the following form e e e e = =
where p represents the effective compressive stress, known as Maxwell stress, e 0 and e r are absolute permittivity and the relative permittivity of dielectric elastomers, respectively, and h is the thickness of the actuated membrance between the opposite electrodes.
Since the planar stretching in DEAs is coupled to the thickness compression, the effective compressive stress in (1) is twice the stress normally calculated for two rigid, charged capacitor plates. In (1), the dielectric elastomer is assumed to be ideal for uniform electrical charges on infinitely large electrodes and uniform film thickness. In addition, the dielectric behavior of the elastomer is liquid-like and unaffected by deformation. This model has been well experimentally verified and used widely in the literature to describe electromechanical behavior of the DEAs [27, 29, 32, [48] [49] [50] [51] [52] [53] [54] [55] [56] .
According to (1), Pelrine and colleagues further provided a simple method to predict the DEA strains. For low strains (e.g., <20%), the thickness strain s z is approximated as [35, 36] .
where Y is the elastic modulus relating to the strain. For high strain, the electromechanical energy density is used to estimate the the thickness strain s z as follows
where w e is the electromechanical energy density, defined as the amount of electrical energy converted to mechanical energy per unit volume of the DEA for one cycle. Due to the homogeneity of the stretch and the incompressibility of the ideal elastomers, the strains on the plane can be further obtained based on thickness strain in (2) or (3). It can be seen from (1) that the stress is proportional to the relative dielectric constant of the dielectric elastomers and inversely proportional to the thickness of the elastomer membrane. Therefore, the electric field across the thickness increases as the thickness of the membrane reduces after the voltage is applied to the DEA. This positive feedback may cause the elastomer to thin down drastically, resulting in an electrical breakdown or electromechanical instability and limiting strain performance of DEA. In addition, viscoelasticity is another inherent nonlinear behavior in dielectric elastomers that significantly influences the actuation of DEAs. It should be noted that Pelrineʼs approach described in (1)- (3) is pioneered and well-known in the field of DEAs for understanding and predicting the electromechanical response. However, it can not be effectively applied to account for the large-deformed nonlinearity and nonlinear elasticity of DEAs.
Energy-based electromechanical modeling approach
Inspired by the energy-based analytical approaches to account for the large-deformation nonlinearity and nonlinear elastic behaviors of rubber-like materials [57] [58] [59] [60] [61] [62] [63] , researchers have made many efforts in the field of DEAs.
The early representative works by combining the theories of Maxwell stress and hyperelastic material models include Kofod [43] , Kim et al [64] , Goulbourne et al [65] , Wissler and Mazza [66] , Plante and Dubowsky [67] . In [43] , three kinds of hyperelastic material models, i.e., the Hooke, neo-Hookean and Ogden models, were adopted to describe the onedimensional voltage-strain relation of a DEA. In [64] , the pre-straining influences on the performance of DEAs were investigated with a Mooney-Rivlin model. In [65] , the Ogden strain energy function was employed to reliable electro-elastic modeling of a dielectric elastomer diaphragm for a prosthetic blood pump. In [66] , an analytical method was developed to study the deformation of a circular DEA using three hyperelastic strain energy models (i.e., Yeoh, Ogden and Mooney-Rivlin models) coupled with quasi-linear viscoelasticity. In [67] , an analytical model that incorporated four fundamentals effects in terms of large deformations, nonlinear elastic behavior, viscoelasticity and variable dielectric strength was developed to predict the area stretch of DEAs as a function of film mechanical prestretch, applied voltage, speed of actuation, and working load. The more interesting result of Plante and Dubowskyʼs work [67] lies in the fact the developed model can predict DEAʼs failure modes including pull-in, dielectric strength, and material strength.
It can be seen that energy-based analytical approaches are effective to predict the large-deformation nonlinearity and nonlinear elastic behaviors in DEAs. However, there is no a general frame to combine them together. Based on the accumulated works, a general theory is recently proposed by Suo and colleagues [55, [68] [69] [70] from Harvard University, America, by coupling large deformation and electric potential to modeling the electromechanical behaviors of DEAs within the framework of continuum mechanics and thermodynamics. In the following, we give a detailed introduction of this theory for electromechanical modeling of DEAs.
A general electromechanical modeling frame
Considering a DEA as shown in figure 2 , the geometric dimensions in the reference state are´Ĺ L L 1 2
3 . In the current state, the elastomer is subject to mechanical forces P 1 , P 2 , P 3 , and an applied voltage V. The geometric dimensions become as´ĺ l l 1 2 3 . For easy understanding of the following development, the stretch ratios on each direction are defined as
3 . In addition, the electric charges on both electrodes are assumed to be Q and the Helmholtz free energy of the elastomer membrane is F.
Framework of equilibrium thermodynamics
Based on the energy balance, the increase of the free energy dF of the elastomer membrane equals to the work done by the mechanical
3 3 and the work done by the battery d F Q, satisfying,
It should be noted that the condition of equilibrium in (4) holds for arbitrary small variations of the four independent variables l 1 , l 2 , l 3 and Q [34] .
Define the nominal density of the Helmholtz free energy as
Hence, the increase of the density of the free energy can be obtained through dividing (4) by the volume L L L 1 2 3 of the elastomer on both sides,
where s 1 , s 2 and s 3 represent the true stresses, E and D denote true electric field and electric displacement, respectively. Without losing generality, the nominal density of the Helmholtz free energy W depends on the strains l 1 , l 2 , l 3 and polarization displacement D. In this sense, W can be prescribed as a function of the four independent variables l 1 , l 2 , l 3 and D as follows
12
Substituting (12) into (6), it is straightforward to obtain Considering the fact that the condition of equilibrium in (13) holds for arbitrary small variations of the four independent variables dl 1 , dl 2 , dl 3 and dQ, the following constitutive laws can be derived
It should be noted that the condition
is utilized in the above derivation.
Since s 1 , s 2 , s 3 and E depend on P 1 , P 3 , P 3 and V , (14)- (17) provide the constitutive equations relating the forces and voltage with the deformations in the terms of true quantities in the current state of a DEA.
Ideal dielectric elastomers
Considering the elastomer membrane in DEAs is the ideal dielectric elastomer, the following two assumptions should be obeyed [34] :
(A1) The dielectric elastomers is incompressible, i.e.,
18 1 2 3 (A2) The dielectric behavior of the elastomer membrane is exactly the same as that of poly melt, that is, the electric displacement relates to the electric field as,
where the permittivity of the elastomer e e e = 0 r is a constant independent of deformation.
With these two assumptions, the nominal density of the Helmholtz free energy in (12) can be expressed as refers to the Helmholtz free energy associated with the polarization of the elastomer.
Then, the constitutive equations of DEAs in (14)- (17) can be re-expressed as It should be mentioned that the first terms in the right hand side of (21) and (22) are the contribution to the mechanical stress due to the change of entropy associated with the stretch of the polymer network of the elastomers, while the second term is due to the applied voltage. In addition, once the function W s is given, the constitutive models (21) and (22) are able to analyze the mechanical response of the DEAs. In the literature, exclusive simulation and experimental results that can verify the effectiveness of these equations have been reported, for instance, in [50, 55, 68, 69, [71] [72] [73] .
Furthermore, the different electromechanical instabilities, such as the thinning and pull-in, snapthrough, wrinkle, creasing and cavitation can be comprehensively accounted for with the Suoʼs approach. For a systematic understanding of different modes of instabilities, one may refer to a recent survey in [74] .
Elastic material models
In the theory of rubber elasticity, there are a large number of well-tested functions for the elastic energy due to the deformation of the elastomer, for instance, neo-Hookean, Mooney-Rivlin, Yeoh, Gent, Ogden, and Arruda-Boyce models [57] [58] [59] [60] [61] [62] [63] . In this survey, we just introduce the three commonly used elastic models (i.e., neo-Hookean, Gent and Ogden models) in the field of DEAs.
Neo-Hookean model
The free energy density described by the neo-Hookean model of an incompressible hyperelastic material takes the form of
where μ is the small-strain shear modulus, which is a material constant (related to Youngs modulus). This free energy is due to the change of entropy when polymer chains are stretched [34, 60] .
The neo-Hookean model is a hyperelastic material model that can be used for predicting the stress-strain behavior of materials. The benefit of the neo-Hookean model is its simple structure with only one material parameter μ, which is common in the early time for modeling of DEAs [43, 69, [75] [76] [77] . For most elastomers, the relation between the applied stress and strain is initially linear, but may change to nonlinear after a certain point at the stress-strain curve. This situation generally happens in the dielectric elastomers, which has a crosslinked network of long-chained polymers. However, each polymer chain may have a finite length, sometimes known as the extension limit [62] . When the polymer chains approach the stretch limit, the elastomer may stiffen sharply. In this case, the neoHooken model is not applicable.
Gent model
Contrast to the neo-Hookean model, the Gent model can predict the strain-stiffening effect, which was introduced by Gent in 1996 [63] . For the incompressible elastomers, the free energy density described by the Gent model can be expressed as
where μ is the small-strain shear modulus, similar to the neo-Hookean model in (23) and J lim is a constant related to the limiting stretch, which can describe the strain-stiffening effect. Recently, the Gent model has been one of the most popular models to predict the behaviors of DEAs [73, [78] [79] [80] [81] [82] [83] [84] . It can be seen that the Gent model also has the advantage of the simple structure with only two material parameter μ and J lim . In addition, when  ¥ J lim , the Gent model (24) reduces to the neoHookean model (23) according to the Taylor expan-
, the free energy W s will diverge, and the elastomer approaches its limiting stretch.
Ogden model
Ogden model is another popular hyperelastic material model in the theory of rubber elasticity, which was proposed by Ogden in 1972 [59] . The free energy density of an incompressible hyperelastic material described by the Ogden model has the form of
where m i and a i are experimentally determined material parameters and N is the number of model order.
It should be noted that the neo-Hookean and Gent models are generally recognized as physical-based models due to the fact that the model parameters have physical meaning for the materials. However, the Ogden model is a type of phenomenal model since the model parameters without the exact physical meaning can be determined just with the experimental data. In applications, the Ogden model usually gives a superior prediction of the response of DEAs compared to the neo-Hookean model and Gent model. Therefore, the Ogden model is also widely utilized to analyze the behaviors of DEAs [53, 72, [85] [86] [87] [88] [89] [90] .
Considering the viscoelasticity
In the above models based on the principles of equilibrium thermodynamics, the actuation processes of the DEAs are assumed to be without energy dissipation. However, in fact, the dielectric elastomers possess the viscoelasticity behavior, which exhibits distinctly inelastic behavior or dissipative behavior, exemplified by the creep, hysteresis, Mullins effect, and frequency-dependent responses. Viscoelasticity of course influences the actuation performance of DEAs [41, 51, [91] [92] [93] [94] [95] . Therefore, it has to be accounted for in the modeling in order to understand the complete electromechanical behavior of DEAs.
To deal with this problem, Suo and colleagues provided an interpretation within the nonequilibrium thermodynamics framework, that is, thermodynamics requires that the increase of the free energy dF of the elastomer membrane should not exceed the total work done by the mechanical forces
and the work done by the battery d F Q, satisfying,
According to the definition of the density of the free energy W in (5), we can obtain In the model of ideal dielectric elastomers, the stretching and polarization of the elastomer contribute to the free energy independently. Following the steps involving in the framework of equilibrium thermodynamics and the two assumptions (A1) and (A2) on ideal dielectric elastomers in section 3.3.1, the density of the Helmholtz free energy W can be described as a function of a set of independent variables , , represent a set of internal variables that characterize the time-dependent nonlinear effects in the dielectric elastomer; W stretch is the Helmholtz free energy associated with the stretching of the elastomer.
A combination of (27) and (28) gives that, As pointed out in [34, 41] , this inequality (29) can be satisfied in many ways. Firstly, it can be assumed that the membrane is in mechanical and electrostatic equilibrium, so that the coefficients in front of dl 1 , dl 2 , dl 3 and dD vanish, such that, The above equations confirm a widely used description of electromechanical interaction as well, that is, the voltage produces a Maxwell stress of eE 2 as addressed in the Pelrineʼs approach (section 3.1). Then, the nonlinear deviation, caused by the viscoelasticity, from the equilibrium state in the inequality (29) takes the form of,
To account for the thermodynamic inequality (32), an one-dimensional rheological model of springs and dashpots with two parallel units as shown in figure 3 is generally used, where the unit A consists of an elastic spring, and the unit B consists of an elastic spring, and a linear dashpot. Then, the elastic material models as discussed in section 3.4 can be used to describe the elastic springs. For a detailed discussions of this rheological model may refer to [41, 42, 81, 94, 95] . It should be noted that modeling of the viscoelasticity is still an open task in the field of DEAs. 
Considering the dynamics behaviors
Most of previous studies have focused on the quasistatic behavior of large-deformation DEAs, with the effect of inertia and damping neglected. However, it has been appreciated that DEAs can deform over a wide range of frequencies. Modeling the dynamic behaviors of the DEAs is another important and challenging task if DEAs are used in the field of soft robotics.
Recently, a few researchers have started to make the attempts to address the dynamic responses of DEAs. Based on the framework of equilibrium thermodynamics, Zhu et al [96] developed an analytical model to analyze the resonant behavior of a DEA, where a membrane of a dielectric elastomer was prestretched and mounted on a rigid circular ring. They demonstrated that the natural frequencies could be tuned by varying the prestretch, pressure and voltage. Similarly, Li et al [79] developed an analytical dynamic model for an one-dimensional in-plane DEA, where a membrane of a dielectric elastomer was prestretched and mounted on a rigid frame. They showed that prestretches and applied static voltages could tune the natural frequency and modify the dynamic behavior of the DEA. Based on the Euler-Bernoulli beam model, Feng et al [97] developed an analytical model to analyze the dynamic characteristics of a dielectric elastomer based microbeam resonator, in terms of the quality factor (Q-factor) and frequency shift ratio. This analytical model was validated to be applicable for a certain range of ambient pressure and active frequency tuning of the resonator could be realized by increasing the applied electrical voltage within a certain range avoiding the mechanical instability. According to the Euler-Lagrange equations, Xu et al [98] provided an alternative method to analyze the dynamic analysis of a homogeneously deformed DEA and extensive works have then been reported in [72, 99, 100] .
It can be concluded that investigation of the dynamic behaviors of the DEAs has attracted the research attention in the society. The reported works [72, [96] [97] [98] [99] [100] mainly focus on the simulation results only with the analysis of the resonant behavior. However, little attention has been paid to the response speed of the DEAs, neither the response under cyclic loading-unloading voltages. In fact, most of the practical applications require actuators capable of changing deformations quickly and repeatably. In [101] , Kaal and Herold investigated the dynamic behaviors of the DEA with the nonlinear electromechanical equation, which was further verified in experiments under a fix sinusoidal excitation. Rosset et al [102] also reported the interesting experimental results showing that the dynamic response of the DEAs may be extremely dependent not only on the membrane material, but also on the compliant electrodes. As an alternative, Sarban et al [103] introduced a fourth-order ordinary differential equation to describe the stress-strain relationship in DEAs, which was verified by the frequency bandwidth and hysteretic responses between simulation and experiments. However, the complete physical understanding of these dynamic behaviors has not been presented.
Applications for bioinspired and biomimetic soft robots
The unique performances of DEAs create a wide range of opportunities in the field of soft robotics among several areas: (i) new actuation mechanism and structural designs, (ii) new selections for modeling and mimicking of humans and natural animals, (iii) new applications with compliance matching for confined and unstructured spaces. In the following, we will review the reported soft robots using DEAs.
Configurations of DEAs
As addressed in section 2, the structure of the DEAs is simple with an elastomer membrane sandwiched by two compliant electrodes. It is this simple structure that makes it be fabricated in many configurations for extensive applications. Most DEAs are designed based on the area expansion of the thin elastomer membrane for actuation, however, multi-layer stacked or folded DEAs exist as well wherein actuation is through a reduction in thickness. Until now, a number of DEA configurations have been developed, including planar (in-plane, framed, bistable and diaphragm), rolled (tubular and cylindrical), bender (unimorph and bimorph), multi-layered (stacked and folded), conical, minimum-energy structured, and so on [29, 30, 104, 105] . As an illustration, figure 4 shows some representative configurations of DEAs.
Besides the actuator function, a DEA can be able to sense its own strain relying on change of the self-sensing signals in the DEA, generally known as self-sensing capability. Recently, several DEAs with different self-sensing signals have been developed, for instance, the force self-sensing signal [106] , capacitive self-sensing signal [107] [108] [109] , current self-sensing signal [110, 111] and combination of voltage and current self-sensing signals [112] . In this sense, close-loop control approaches can been applied for the self-sensing DEAs without the external sensors.
It should be mentioned that, in all these configurations, prestretch (or prestrain) is a common approach to improve the overall performance of DEAs. The main advantages of prestretch include:
(i) removing the electromechanical instability;
(ii) increasing the breakdown field; (iii) improving the actuation strains and mechanical efficiency;
(iv) achieving preferential actuation in a certain direction.
DEA-driven soft robots
Based on different kinds of DEA configurations, researchers have developed many soft robots. These soft robots can be divided into the following categories: wearable/humanoid robots, walking/serpentine robots, flying robots and swimming robots.
Wearable/humanoid robots
It is the ultimate challenge to make a wearable/ humanoid robot in the field of biological inspiration and mimicking, which is also known as biomimetics [113, 114] . Artificial muscles are offering important actuation capability for making such robot lifelike. As shown in figure 1 , the dielectric elastomers have the closest potential to emulate natural muscles due to the similar capability of actuation strain and actuation pressure/density. Therefore, different wearable/ humanoid devices or robots have been developed, generally using the antagonistic arrangement of DEAs, to mimic the function of human muscles. In light of their biomimetic potential and growing interest in the society of soft robotics, DEAs are promising with regards to prosthetic applications [118] . The rolled DEAs usually with spring and core show promising potentials for soft robotic and prosthetic mechanisms wherever simple linear motion or bending motion is required. In general, rolled DEAs have been reported to produce up to 30 N of force, linear displacements (strokes) up to about 2 cm, cyclic speeds of more than 50 Hz, and bending angles up to 90° [115, 119] . This kind of rolled DEAs can be used to mimic the muscle of humans as illustrated in figure 5(a) . Bending and gripping are simple and important mechanisms of human hands. Using rolled DEAs, a prosthetic robotic hand [116] was developed as shown in figure 5(b) . This robotic hand utilized an antagonistic actuator arrangement structure and pulley system, providing each finger with 15-30 DOFs. Using a planar DEA, a three-finger gripper with a minimum energy structure was designed [104] . In this design, a passive elastic frame was combined with the prestretched elastomer such that the the energy released from the contracting elastomer could be partially stored as bending energy in the frame. As shown in figure 5(c) , the three fingers were closed at rest. When a voltage of 3 kV was applied, the thickness of the elastomer reduced, and the area expanded, resulting in an opening of the three fingers. When removing the voltage, the three fingers grasped the object.
To mimic the human arms, an arm wrestling robot (figure 6) [117] was developed by using rolled DEAs,. In this robot, more than 250 DEAs with small diameters were arranged in two groups according to the human agonist-antagonist muscle configuration in order to achieve an arm-like bidirectional rotation movement. They stated that the time required for the full actuation of the robot was within one second, and the robotic arm could not generate the necessary force to move back into the upright position due to the inline arranged force transmission set-up once losing position, During the arm wrestling contest against a human arm in the 2005 EAP arm-wrestling contest, this wrestling robot lost. However, the DEAs demonstrate very promising performance as artificial muscles. As of 2006, the contest was turned to measuring the arms capability and comparing the data of the competing arms [120] . A robotic arm designed by Virginia Tech lifted a weight of 0.9 N with a height of 22 cm in approximately 4 min, yielding a force and speed capacity of less than 1% of the baseline human measurement [118] . Recently, the challenges and opportunities using DEAs for prosthetics have also been discussed in [118, 121] .
Tactile sensing capability is crucial to make robots capable of safe interaction with humans or obstacles in the unstructured environments. Many researches have been made on the development of wearable devices with tactile display using DEAs. In [122] , Carpi et al developed a wearable tactile display to provide users with tactile feedback during electronic navigation in virtual environments. The display consisted of bubble-like hydrostatically coupled DEAs (HCDEAs) was integrated within a plastic case, so that the passive elastomer membrane was in contact with the finger, while the active elastomer membrane was protected by a plastic chamber as shown in figure 7(a) . They demonstrated that the converter may safely work at low maximum electrical power (less than 1 W) and the user may never be exposed to high voltage parts of the device. In this paper, they also showed that the HCDEAs were capable of utilization for dynamic Braille displays and for finger rehabilitation. Lee et al [123] presented a multiply arrayed tactile display device with DEAs. The device employed the liquid coupling between the touch spot and the actuator as the transmission of force as shown in figure 7(b) . They demonstrated that the force was over 40 mN to stimulate the human finger tip and the displacements of tactile display were about 240-120 μm at 3-10 Hz, which may satisfy the frequency requirements for stimulating the Merkel cells as well as the Meissner corpuscles. Alternatively, based on the knowledge that humans are very sensitive to shear force distributions, Knoop and Rossiter [124] developed a new DEA-actuated shear tactile display device as shown in figure 7(c) . They demonstrated that this device allowed for the areal expansion of the DEA to be exploited directly, and a tactile display could be made with no elements moving out of the plane.
The visual system is another important part of humanoid robots for focusing and tracking. Researchers have presented some attempts to mimic the eyeball muscle system of humans with DEAs. As shown in figure 8(a) , Carpi and De Rossi [125] developed bioinspired pseudomuscular eyeballs using a contractile DEA for an android robotic face. The arrangement and the functionality of the actuators were conceived to mimic the rectus-type human ocular muscles. DEA-driven eyeball was shown to rotate up to approximately ±25°. They [128] also developed a new mechanism of actuation of a robotic eyeball using a buckling DEA with constrained boundaries, which could obtain a maximum displacement higher than 70% of the pre-curvature height. As an alternative, Liu et al [126] developed a mechanism ( figure 8(b) ) with an inflated DEA to mimic the ocular muscle of the human eye. They demonstrated that the inflated DEA, compared with uninflated one, performed much bigger rotating angle and more strengthened. Recently, a more interesting biomimetic lens (figure 9) inspired by the architecture of the crystalline lens and ciliary muscle of the human eye was reported in [127] . It consisted of a fluid-filled elastomeric lens integrated with an annular DEA working as an artificial muscle. The experiments demonstrated that the artificial lens showed dynamic properties suitable for operation at a maximum frequency of 1-10 Hz and the response to the step stimulus had a time constant (time to reach 63.2% of the asymptotic value) t @ 60 ms.
Walking/serpentine robots
In 2001, Eckerle et al [132] developed and reported a first kind of DEA-driven biomimetic walking robot, named as FLEX, with six legs. FLEX had a weight of 670 g and used dielectric elastomer acrylic bowtie actuators, with two degrees of freedom per leg (up/ down and forward/back). They demonstrated that FLEX could walk at the speed of a few millimeters per second. However, the speed of this robot is too slow. In 2002, an improved six-legged walking robot [129] , known as FLEX 2, was developed by the same group based on the same basic kinematic design of FLEX. FLEX 2 used a more powerful rolled DEAs as shown in figure 10(a) . The walking speed of FLEX 2 was demonstrated to increase from an unimpressive few millimeters per second to a respectable 3.5 cm s −1 and lifetime and shelf life were dramatically improved as well. It should be noted that both FLEX and FLEX 2 are autonomous, containing a battery-powered device that included voltage conversion and microprocessor controller on board. The series of FLEX robots can be recognized as a milestone in the field of DEA-driven biomimetic robots. As a further step, Pei et al [115, 130] designed another two kinds of DEA-driven walking robots, named as Skitter and MERbot, respectively. Skitter was a small, legged robot as shown in figure 10(b) , which used six single-degree-of-freedom rolled DEA to provide six legs. Skitter was demonstrated to reach a peak speed of approximately 7 cm s −1 . Alternatively, MERbot was a novel six-legged robot with six 2-DOF rolled DEAs as legs as shown in figure 10(c) . MERbot had the dimensions of 18 cm ×18 cm ×10 cm, and had the weight of 292 g. MERbot could walk with a dual tripod gait. Experiments demonstrated that the maximum speed of the MERbot could be up to 13.6 cm s −1 at 7 Hz and 5.5 kV, which was equivalent to roughly two-thirds of its body length per second. Alternatively, Nguyen and colleagues [131] developed a small biomimetic quadruped robot driven by multistacked DEAs as shown in figure 10(d) . Each leg of the quadruped robot contained two DEAs to achieve the motion of a swing phase and a stance phase. The total size of the robot was 191mm ×100 mm ×115 mm and the total weight was 450 g. Experimental results demonstrated that the robotʼs legs could perform walking gaits as well as running gaits. Recently, they also developed a printable hexapod robot driven by the multi-DOF conical DEAs [133] . To achieve alternating tripod gaits of the hexapod robot, a sequence of legs motions were defined, i.e., (a) passive state, (b) lifting upward, (c) swinging forward, (d) pushing downward and (e) swinging backward. The experimental results showed that the robot obtained the walking speed of 4 mm s −1 when the square wave voltage of 3.5 kV was applied to the DEAs with the frequency of 0.5 Hz. Different from the legged robots with the DEAs in parallel, the snake-like serpentine robots can be developed with the bending rolled DEAs in series with a monolithic structure. With this idea, a proof-of-concept serpentine robot was developed in [115] . This snake-like roboth had four segmented DEAs in series as shown in figure 11(a) . Each segment could be individually actuated like a single 2-DOF actuator. Hence, this robot had a total 8-DOFs in two groups, LRLRLR and RLRLRL, where L meaned a left circumferential span and R means a right span. Experiments showed that the two groups were actuated successively at 6 kV to generate a serpentine motion.
Similarly, a annelid-like earthworm robot ( figure 11(b) ) was reported in [134] . This robot had two sectors in terms of front and rear, and each sector had four actuator modules. A 3-DOF motion, i.e., updown translational motion, and two rotational, could be presented. They demonstrated that the speed of the earthworm robot relied on the operating frequency of each actuator. Experimental results showed that the robot had a speed of about 1 mm s −1 with 5 Hz actuation. Using unimorph DEAs, Shian et al [135] presented a proof-of-concept inchworm robot as shown in figure 11(c) . In this robot, a few aligned fibers were incorporated to suppress undesirable actuator bulging and more effectively convert the bending of the DEA to forward motion. They demonstrated that after adding four fibers of larger diameter, the bending curvature increased and the forward speed improved. The experimental results also showed that at each cycle, the inchworm robot moved at approximately 3.8 mm. When at 0.3 Hz actuation rate, the average speed of the robot was 1.1 mm s
, which corresponded to lengthspecific speed of 1.3 body lengths per minute.
As an alternative, Petralia and Wood [136] presented another kind of snake-like robot with 5 DEAbased minimum-energy structures (termed as DEMS). The experimental results demonstrated that the serpentine robot experienced a 1.7 times increase in length and a 1.4 times decrease in height upon application of 1.2 kV to all ten segments.
Flying robots
The design of flying robots with flapping wings is usually inspired from the flying insects whose wings are driven indirectly by muscles located in their thoraxes. The DEAs are selected as a potential actuation technology mainly due to their capabilities of high actuation density and large strain with higher speed.
SRI researchers from America [38, 129] in 2002 started to develop a flapping-wing mechanism using a stack DEA. By studying the behaviors of flying insects, they found that the muscles of the insects flexed the exoskeleton and moved the wings, which were attached to the exoskeleton. In the same way, the stack DEA could be used as a bundle of artificial muscles, which flexed a plastic exoskeleton with the attached wings. Based on this idea, a flying robot was designed as shown in figure 12(a) . However, they demonstrated that the work density of the flying robot became dramatically lower in experiments, which may be caused by the high passive weight of the supported structure and its integration with the DEA. Therefore, further development needs to be made in order to reach desired power densities for the entire robot.
In [137] , a bioinspired flapping wing robot as shown in figure 12(b) was developed by a group in NTU, Singapore, with a rolled DEA and lightweight carbon fiber reinforced polymer (CFRP) shell. This DEA assembly using the CFRP shell was demonstrated to achieve 30.9% of the theoretical work density for a BJB-TC5005 membrane at 33.5 MV m −1 . The flapping robot had a total weight of 10.47 g, of which 50% was due to the DEA, 17.4% was due to the CFRP shell, and 17.8% was due to the thoracic mechanism. Each wing of the robot had the size of 6 cm long and 0.16 g weight. Experiments showed that wings flapped with a mere 5°-10°stroke at the frequency of 1 Hz.
Inspired by the 'jumping' of the creatures such as kangaroos, fleas or grasshoppers, hopping robots using DEAs were developed by the research groups of SRI [138] and MIT [139] . These robots are generally simple and lightweight and have an energy storage mechanism to mimic the capabilities of jumping many times their body height, which can thereby overcome the uneven terrain. By using three flat film DEAs in a tripod configuration, a hopping robot [138] (figure 12(c)) was designed with the dimensions of 5.5 cm ×5.5 cm ×1.5 cm, which could jump approximately 2 cm vertically, about 1.33 times its body height. By combining the diamond shaped DEAs with the bistable mechanism, Plante in his thesis [139] developed a millimeter-scale hopping robot. This kind of novel bistable mechanism allowed DEAs to provide intermittent motion, an essential condition for their reliability. Experimental results demonstrated that, with the total cycle time of about 20 s, the hopping robot can jump up to the height of almost 10 cm. The next development of hopping robots may integrate both the waling and jumping capabilities together, which are more biomimetic like natural animals, locomotion on both smooth and uneven terrains.
A more interesting work on a flying robot was recently reported by Sheaʼs group from EPFL, Switzerland [140] . In their work, the foldable antagonistic DEA with outline size of 70 mm ×130 mm was developed as elevons to control flight surfaces of a fixed wing UAV with the angular displacement range and the torque specification matched to a 400 mm wingspan micro-air vehicle of mass 130 g. They 
Swimming robots
Generally, development of bioinspired and biomimetic swimming robots using DEAs is attractive because the density of the dielectric elastomers approximately equal to that of water, which makes them as a desired choice for keeping neutral buoyancy. In fact, most realistic underwater swimming robots operate with neutral buoyancy. Otherwise, a significant amount of power will be consumed by maintaining equilibrium of the robots under water. However, until now, little work has been reported to develop biomimetic swimming robots using DEAs.
In [141] , Laschi et al provided a concept of designing a swimming robot inspired by the octopus arm using DEAs. However, the real robot is not presented in this work.
As a more recent progress [142] , Godaba and the colleagues developed a jellyfish robot using a DEA. Experimental results demonstrated that the jellyfish robot had the weight of 256 g and could be able to achieve a payload of 236 g, compared to its self-weight. Experimental results demonstrated that the maximum velocity attained by the jellyfish robot was around 0.3 body length per second.
Summary and outlook
From the aforementioned survey and discussions, we can conclude that DEAs are becoming more and more promising for the rapid development of soft robotics with the features of bioinspiration and biomimetics. In the last decade, the researchers have made extensive efforts in this research field. However, there is still a long way to go to completely understand the electromechanical and physical behaviors of DEAs, design and control the soft robots like the natural soft bodied animals, which needs to be tackled together by the researchers from different subjects.
At the end of this paper, we will summarize the main challenges and opportunities on the DEA-driven soft robots for further studies from the following three aspects: design, modeling and control.
Design
The concept of taking inspiration from soft-bodied animals can provide invaluable insights for the continuous development of soft robots. Design of novel durable structures and mechanisms with multi-degree of freedom is still the major way to achieve bioinspried and biomimetic capabilities or intelligence, which can be possible with the development of new DEAs. For instance, there is still significant room for improvement of materials to meet industrial requirements regarding lifetime and fault-tolerance, which are essential for applications in actual soft robots or devices. Invention of new kind of dielectric elastomers with higher dielectric constants and material strengths may further increase the performance of the actuators. It should be mentioned that actuator design should not focus only on achieving the maximum attainable strain, but also on enhancing the specific performance within a reliable operating range. Besides, exploring of more diverse compliant electrodes with the new characteristics of transparency, tunable color or camouflage can firmly broaden the applications of DEAs.
It should be noted that, during the past decades, it is more common to use other kinds of soft materials [11, [143] [144] [145] [146] , such as the SMAs, ionic polymer-metal composites and pneumatic muscles, for biomimetic applications. Recently, dielectric elastomer materials become promising in the emerging field of soft robotics due to the advantages of voltage-induced deformation, light weight, high deformation, high energy density, and fast response. One main concern about the DEAs may be its electrical safety because the very high voltage (usually more than 1 kV) is required to drive the DEAs. However, the required current is generally small (on the order of 10 −6 A). According to the discussion in [147] , a general phrase on electrical safety says that it is not voltage that kills, but current. For example, a current less than 1 mA may not limit ones perception [147] . As a result, the DEA is safe due to its low current, and the electric safety can be ensured when the high-voltage parts are insulated from the user. In real applications, it is worth noting that the first mass-produced application of dielectric elastomer technology has been for a wearable system (a vibrating haptic-feedback device for a gaming headset) and it uses high voltages [148]. In [149] , dielectric elastomers are also being explored extensively for biomedical applications. In order to boost DEAs for industrial exploitation, other technologies are also investigated to drive the DEAs with lower voltage. One main task as pointed out by Carpi et al [122] may be to find a kind of new elastomer films that can be driven at lower voltages, for instance, the possibility of ideally driving DEAs at the same voltage range of piezoelectric actuators. As an early attempt, decreasing the thickness of the membrane in DEAs may be another possible choice. For instance, by introducing a spin coating technique, fully automated fabrication of DEAs with layer thickness down to 5 μm and actuator diameter up to 40 mm was reported, which thus enabled the driving voltages of DEAs far below 1 kV [150] .
Another challenge on design is that most of DEAs are fabricated by hand. As an early and important attempt, Lotz and colleagues [150] provided a fully automated fabrication process to produce a stacked DEA with four steps: (i) two components of uncured polydimethylsiloxane (PDMS) are mixed and applied onto the disk of a spin coater; (ii) heating accelerates the curing process of the PDMS; (iii) graphite powder is sprayed onto the PDMS surface, where the electrode is patterned by the use of a shadow mask; (iv) repeating steps (i)-(iii) to build stacked layers for up to 100 times. Typically, a single layer is fabricated within 5 min. Recently, Araromi and colleagues [151] developed a novel fabrication methodology for highresolution patterning of compliant electrodes for stretchable dielectric elastomer actuators and sensors with PDMS. This approach employed cast PDMS-carbon electrodes patterned by laser ablation and achieved robust permanent bonding to a silicone elastomer membrane by oxygen plasma activation. The generalized fabrication methodology was outlined in figure 13 . A variety of transducer designs with sub-200 μm feature sizes over large areas (over 100 cm 2 ) were demonstrated to be fabricated using this approach. As discussed in section 4.1, prestretch is necessary in fabrication of DEAs. Alternatively, Duduta et al [152] proposed a combination of materials and multilayer fabrication method without prestrech. With the rapid development of additive manufacturing, the new innovation in soft lithography, 3D printing, and other rapid prototyping technologies shall open the way to batch produce commercial soft robots with DEAs that are inexpensive and meet the commercial demand.
In addition, the soft robots using DEAs are usually designed to function with voltage supplied through an external driver tether. Although this tether may interfere with some tasks, such as ease of control and longtime work without battery, it is often an advantage rather than a disadvantage. Nonetheless, robots intended for use outside of laboratory environments are required to be able to operate without the constraints of a tether, especially when robots are intended to perform tasks in confined spaces or challenging environments [25] . We should mention that with a small voltage amplifier (saying, EMCO product), the DEA can also be powered by a low voltage battery. In this way, all the power supply can be assembled on-board due to their small volume and the small weight. The main reason for use of on-board power supply is that the DEA requires high voltage ( 10 3 V), low current ( -10 6 A) and low power ( -10 3 W). The high voltage can be supplied by the voltage amplifier, and the low power allows for the low-voltage battery and low-sized voltage amplifier. Figure 14 shows a schematic of the power system, which consists of the microcontroller, the low-voltage battery, and the high voltage amplifier (saying the EMCO product). In our current experiments, the high voltage amplifier, saying EMCO Q101, has a size of 10 cm 3 and a weight of 28 g. The voltage amplifier can output high voltage of 10 kV. However, it should be noted that the motion performance of DEAs with the on-board amplifier (such as the EMCO product) cannot reach the same level as with an external tethered amplifier (saying the Trek product) based on our experimental results. Recently, some researchers [153] [154] [155] have also been started to design the custom-built circuits for dielectric elastomer based devices. Development of the autonomous DEA-driven soft robots is of course an interesting topic in the near future.
Modeling
The dielectric elastomers are highly nonlinear materials, which often show changeable stiffness and complex dynamics when rapidly stretched, display creep under constant loads, and exhibit Mullins effect and hysteresis upon cyclic loading. Therefore, the mechanical responses of DEAs and DEA-driven robots are strong nonlinear, time-dependent and frequencydependent. There has been a great progress on electromechanical modeling of DEAs, especially the development based on the continuum mechanics and thermodynamics to understand the electromechanical instability and electrical breakdown. However, few works are reported to account for the viscoelasticity, hysteresis and vibrational dynamics with experimental explanations. Maximum strain before breakdown, hysteresis in the voltage-displacement relation, toughness and fatigue are needed to be better understood in the near future. These time and history dependent responses not only make modeling challenging, they also require distributed sensory feedback in the practical design of soft robots [37] .
Control
Compared to the diverse achievements on design and modeling, few efforts have been made in the area of control of DEAs and DEA-driven robots. Although some works were reported to control DEAs with adaptive [157] [158] [159] , or feedback [108] techniques, the nonlinear material behavior, viscoelasticity and hysteretic effects were generally ignored in their development. As a result, these approaches are generally effective for small displacement, or able to control displacement for short periods. The control challenge of the soft robots using the DEAs may be mainly due to the inherent large-deformation nonlinearities in the system, such as soft dynamics, electromechanical instability, viscoelasticity and hysteresis.
To tackle this challenge, feedforward control with a solid nonlinear dynamic model may be one promising approach, which is schematically shown in figure 15 . In [156] , Gu et al underlined the importance of a nonlinear dynamic model as the basis for feedforward deformation control of a rubber-based DEA, which was verified by the experimental results. This work confirms that a DEAs trajectory can be finely controlled with a solid nonlinear dynamic model despite the presence of material nonlinearities and electromechanical coupling. Different from the physical-based modeling approach, a phenomenological model based feedforward control approach was proposed for both the creep and vibration compensation of a circular DEA [160] . The experimental results demonstrated that the creep of the DEA was reduced from 20% into less than 7%, and the overshoot initially about 38.72% was almost completely removed. With the development of the transfer function models taking into account the viscoelastic effect, Nguyen et al [161] developed an inversion-based feedforward controller for sensorless position control of the DEAs and the parallel-crank mechanism articulated with these actuators. Experimental results were also conducted in this work to well demonstrate effectiveness of the proposed control approach. As an alternative, a recent work on PID feedback control were presented in [56] . However, from the experiments and discussions, the developed PID controller could only be used for the specific step signal with the constant input voltage, and loop-shaping H ∞ robust controller was not effective for tracking the sinusoidal signal. Although there are some drawbacks in this work, it is a positive early attempt to develop feedback controllers for the DEA with experimental verifications.
The postponement of control design may be due to the following reasons: (i) the complete understanding of the nonlinear dynamic behaviors of the DEAs with a general model is not available; (ii) the well-known control theories and techniques for the conventional industrial robots are poorly applicable for the soft robots with DEAs; (iii) the progress on DEAs and soft robots using DEAs have mainly been accomplished by the researchers in the fields of materials, mechanics and physics. Therefore, the developed soft robots are generally reported to have the ability of quantitative performance, while lack of accuracy analysis. With the next development of DEA-driven soft robots, the multidisciplinary integration of materials, mechanics, physics and robotics will open new perspectives for control design of soft robots. As indicated in [10, 19, 162] , the concepts of self-organization, embodied intelligence, such as neural network and fuzzy system, and morphological computation may potentially be used to control soft robots in the near future. On the other hand, due to the continuum deformation nature of the DEAs, there are infinite DOF of soft robots. However, the number of the control variables is finite, which is similar to the underactuated robots. Therefore, the control efforts and achievements of the under-actuated robotic systems [163, 164] may also be taken into account for the control design of the soft robotic systems using DEAs.
Challenges for robotic applications
From the literature survey, many kinds of DEA-based robots have been designed and developed with the bioinspired and biomimetic behaviors in the past decade. However, there are still big gaps between the developed robots and real biological examples. For instance, (i) how to design and develop the soft robots that are really ready for field applications with the capabilities of stability, robust and agility is still a challenge; (ii) rather than the conventional industrial robots, there is still no a standard or general tool to develop a kind of soft robot using DEAs. Until now, the development relies on the experiences of the researchers; (iii) the high voltage is still a potential challenge for the applications interacting with humans. On the other hand, these challenges also represent the exciting and promising opportunities for the scientists and multidisciplinary integrations are required to create a new generation of soft robots that can be used in the real world.
